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Measurements of the total charge liberated by laser ablation near the 
photoemission/plasma production intensity threshold are presented in this thesis.  These 
data are necessary to benchmark theoretical descriptions of laser ablation phenomena in 
the difficult-to-model threshold intensity regime.  The total charge expelled from laser 
irradiated metallic surfaces is determined from voltage pulses created when a 
replacement current neutralizes the ablated surface via a well characterized detection 
circuit.  Repeated measurements are made for a laser beam of a known wavelength, 
energy, pulse duration, and intensity on target.  The total net ablated charge is 
investigated by substituting metallic targets and varying laser parameters.  A simplified 
discrete-element circuit model is used to describe the observed voltage pulses and 
determine the charge emitted from the laser irradiated surface.  Single-shot and multi-
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1.1 History and Background 
 In the past 50 years, lasers have found applications in research, medical, and 
industrial arenas.  Since 1960, when the laser was first demonstrated, new uses of the 
laser have been continuous.  Laser-produced light is unique in that it is characterized by 
spatial and temporal coherence.  Lasers also produce light which is monochromatic.  
These characteristics allow lasers to be used in demanding applications such as remote 
sensing, range finding, interferometry, and communications.  From the earliest days of 
laser use, the laser was also recognized as a powerful tool for cutting, drilling, and 
removing material [1].  Another common use of lasers is material ablation. 
 Laser ablation is the ejection of material from a laser irradiated surface.  Soon 
after the laser’s introduction to the scientific community, its use as a means of sputtering 
material was quickly demonstrated [1].  Laser desorption is the microscopic emission of 
ions, and laser ablation is the mesoscopic emission of material from an irradiated surface.  
Laser desorption and laser ablation were first demonstrated in the early 1960’s.  
Throughout the 1970’s and 1980’s, more and more powerful lasers were developed and 





ion implantation, X-ray generation, nuclear fusion, laser propulsion, thin film deposition, 
and ion generation [2, 3].  The laser space propulsion concept has been around since the 








 are currently being used 
to produce hot, dense plasmas [1].  To reach these intensities, pulse durations are on the 
order of 400 ps to 10 ns [1].   
 A detailed understanding of the laser ablation process requires knowledge of the 
mechanisms of material removal from the surface of a liquid or solid target undergoing 
laser irradiation.   Laser ablation is characterized, in part, by the mesoscale removal of 
material from the surface of a laser irradiated material.  Laser ablation results in visible 
damage to the surface of the solid material.  Unlike desorption, ablation involves the bulk 
properties of materials [1].   Once the material has been ablated, a gas plume of the 
material is ejected from the surface of the target material in a direction normal to the 
surface.  There is a laser intensity threshold above which laser ablation will occur.  Below 
this threshold, only electron photoemission can occur.   
The laser irradiates the target material and ablates, or removes, some of the matter 
from the surface of the target.  If the ablation threshold is met or exceeded, the irradiated 
material can evolve into the plasma state consisting of free electrons and ions.  Plasmas 
consist of partially or fully ionized gas atoms and are considered to be the fourth state of 
matter.  High temperatures produced by the laser provide the energy needed to liberate 
electron(s) from the nucleus of an atom.  Ionic cores, electrons, and excited state atoms 
can be found in the plasma.   To make matters even more complicated, near threshold 
plasmas can also include both neutral and ionized molecules in varying states.  This 





the plasma temperature as well as the intensity of electric and magnetic fields in the 
plasma region. 
 In order to produce plasma, high temperatures are required to provide the 
necessary energy.  These high temperatures are achieved in a variety of ways.  The sun is 
an example of a gravitationally confined plasma.  Nuclear fusion occurring in the center 
of the sun provides the energy (in the form of heat) to produce the spherical plasma that 
we know as the sun.  Lightning is another form of plasma formed in the vicinity of 
intense electric fields.  These fields are created by atmospheric turbulence, which induces 
charge separation on large scales (~1 km).  The energy stored as an electrical potential 
difference between the ground and the atmosphere creates a discharge and ionizes the air 
thereby producing a short-lived plasma with temperatures exceeding those on the surface 
of the sun.  In the lab, plasmas can be produced by generating similar electrical 
discharges, including the discharge of a large electric potential difference through a small 
wire in a device like a Z-Pinch.  Currently, lasers are also widely used to produce 
plasmas.   
Once a target is ablated, electrons are ejected by the photoelectric effect and by 
thermal emission.  Ejection by the photoelectric effect occurs when the electron is ejected 
by a photon that meets or exceeds the threshold energy, and the kinetic energy of the 
electron also depends on the work function of the material.  Once the ablation threshold 
has been met, electrons and ions are also subject to thermal ejection.  Ejection occurs 
when the target material is heated by energy delivered to the electrons and the ions by the 
laser, exciting them into higher energy states, allowing them to gain enough energy to 





Coulomb attraction felt by the nucleus while the ions gain sufficient energy to break the 
metallic bonds holding the atoms together in the metal.  Collisional ionization, due to 
collisions between free electrons and atoms, may occur as well.  Free electrons ionize 
atoms efficiently. 
 This project involves the laser ablation of solid targets.  Though there is some 
controversy about what properties exactly define a solid, some general properties can be 
agreed upon.  Solids are the state of matter in which the atoms or molecules which form 
the solid are arranged in a lattice.  Unlike liquids, gases, and plasmas, solids are able to 
maintain their shape and can handle shear stress.  Solids tend to be denser than liquids or 
gases.  Solids arrange their atoms into a lattice structure which permits phonons, or 
quantized vibrational energy, to propagate through the material.   
An understanding of the physical principles which guide the formation and 
evolution of the laser ablated plasma is important to the applications listed above.  
Characterizing the processes that are involved in plasma formation as the result of laser 
ablation aids the development of the applications listed above, as well as in discovering 
new applications.  This experiment investigates and characterizes the total charge leaving 
a laser irradiated target as a function of laser wavelength and intensity for gold, palladium 
and platinum targets.  This experimental effort accomplishes these goals by:  
1. Measuring the voltage response pulses produced by the laser ablation of 
the solid targets, 
2.  Modeling and determining the total charge expelled from a laser 
irradiated surface for a laser beam of a given wavelength and intensity 





3.  Determining how the amount of charge changes when these parameters 
are varied,  
4.  Determining what carries the charge (electrons, ions, or both), and 
5.  Determining what the role of laser repetition rate on the target is.  
 
1.2 Determining Total Charge 
In order to determine the total charge emitted, the data collected during the 
experiment must be analyzed to obtain the total charge from the measured voltage.  The 
data collected during the experiment will be a measurement of the change in voltage 
difference between the targets and ground as a result of irradiation from a laser pulse.  To 
relate the voltage (V) to the current (I) Equation 1.1, where Z is the impedance, is used. 
 
                                                      (1.1) 
 
Equation 1.1 is rearranged to Equation 1.2: 
 
                                                       (1.2) 
 
It is important to keep in mind that these are complex quantities since the circuit they are 
describing is transient and carries phase information.  Current and voltage depend on time 
in this project.  The impedance depends on the frequency of the circuit.  The frequency 





contain inductors and/or capacitors.  Equations 1.3 and 1.4 show the expressions for the 
impedance of a capacitor and inductor, respectively.  The angular frequency is 
represented by ω.   
 
 
                                                              (1.3) 
                                                             (1.4) 
                                              (1.5) 
                                            (1.6) 
 
Equation 1.5 shows how impedances add in parallel.  Equation 1.6 shows how 
impedances add in series.  Since the impedance is dependent on the frequency, a 
measurement of the impedance of the system cannot be made directly for the given 
current pulse.  A current must be modeled that produces a voltage that looks like the 
voltage response which is measured. 
 Once the current is known, the total charge can be evaluated.  Equation 1.7 shows 
the integral which must be employed to determine the total charge from the current. 
 
                                                    (1.7) 
 
Given a long enough period of time, the total charge calculated should become zero.  In 





that I(t) includes all currents entering and leaving the target.  This is a result of the fact 
that the targets do not remain charged entities indefinitely.  Once the negatively charged 
electrons are removed from the surface, the surface will become positively charged, and 
electrons will move from ground through the measurement circuit to replace the electrons 
which were lost.  At the same time, positive ions are being ejected due to the increase in 
thermal energy resulting from the laser irradiation.  Using these ideas, the measured 
electrical signals can be used to infer the state of the target as it undergoes irradiation.  A 
comparison of the response of the measured circuit, with those calculated using a 

















 Laser ablation is a process which has many possible applications.  A few of these 
applications include ion implantation, X-ray generation, nuclear fusion, laser propulsion, 
and ion generation [2].  L. Torrisi describes the many uses of laser ablation is his paper 
entitled “Application Possibilities of Plasmas Generated by High Power Laser Ablation” 







 used in single- and multi-shot modes.  Torrisi discusses a 1064 nm 
fundamental wavelength, 900 mJ, 9 ns, Nd:YAG pulsed laser operating in single-shot and 




 were obtained using this laser.  Metals 
were ablated and pulse energy data was collected [2].  Other data that can be collected on 
this laser includes Time-of-Flight measurements of ions and electrons, energy to charge 
ratios, mass to charge measurements, CCD camera images, the detection of soft and hard 
X-rays, and spectroscopy in the visible and UV [2].  Other data that can be collected from 
the targets includes information about the surface of the target. 
 Torrisi also discusses the application of laser ablation.  Ion implantation utilizes 
the ions emitted from the ablated surface to inject ions into a secondary surface.  These 





Laser ablation can serve as an ion source for other experiments.  Since the plasma which 
results from the ablation process can be very hot, X-rays can be produced.  Laser 
propulsion would use a short laser pulse ablating low mass propellant materials to 
accelerate the craft [2].  Utilizing the fact that laser ablation plasma plumes are hot and 
dense, laser ablation, combined with other mechanisms, could be used to produce nuclear 
fusion [2]. 
Work, completed by Cs. Beleznai, D. Vouagner, J.P. Girardeau-Montaut, C. 
Templier, and H. Gonnord, measures the charge liberated from a diamond like carbon 
(DLC) film applied to a single crystalline Si substrate, as well as gold (Au) and tungsten 
(W) substrates [5].  The goal of this work is to measure the charge liberated from the 
surfaces of these metals to determine laser ablation thresholds and in situ surface 
structural changes by measuring photoelectric emission [5].   Below the laser ablation 
threshold, desorption and photoelectric emission takes place.  Above the laser ablation 
threshold, laser ablation and ion emission dominate.  Instead of using photoelectric 
spectroscopy to collect information about the surface modifications and the ablation 
process, these researchers develop a method in which they irradiate a target with a laser 
[5].  This produces an ablation plume and a photoelectric response with charged ion 
species at the same time.  This method allows for greater temporal resolution but is not as 
detailed as photoelectric spectroscopy [5]. 






 harmonics (213, 
266, and 532 nm wavelength respectively), the researchers ablate the materials and 
measure the charge liberated using a multi-meter [5].  The target (cathode) is held at a 





ground [5].  Some important results from this experiment include a determination of the 
laser ablation threshold for gold.  At a wavelength of 213 nm, the laser intensity is found 
to be 1.1 GW/cm
2
, at 266 nm the laser intensity is found to be 0.95 GW/cm
2
, and at 532 
nm, the laser intensity is found to be 0.3 GW/cm
2
.  The lower intensity required for laser 
ablation at the 532 nm wavelength is the result of the higher reflectivity at longer 
wavelengths for gold [5].  At the 213 nm and 266 nm wavelengths, photoemission occurs 
through single photon processes.  In the 532 nm regime, photoemission occurs through 
two-photon processes and yields a lower total charge yield [5].  Additionally, the 
positively charged ions dominate the measured charge [5].   
Laser-induced fluorescence spectroscopy and time resolved emission 
spectroscopy is used to measure properties of the ions, atoms, and molecules in the 
ablation plume, as well as the electron temperature and density in the laser ablation 
plasma [6].  Experimental work performed by N.V. Tarasenko utilizes a 1064 nm 







atmospheres of He and air ranging from 10
-3
-500 Torr [6].  Al, Ti, and graphite samples 
are used as targets.  Electron density is determined by measuring the width of the 
spectroscopic lines and using Stark broadening theory.  In an Al plasma generated in air, 
the Al I line at 396.15 nm is measured and the electron density is found to decrease from 
1.4 10
18




 from 0.3 - 0.6 s after the laser pulse [6].  The electron 
temperature is found to drop from 1.6 eV to 1 eV during the same time interval [6].  In a 































 are observed [6].   
C.P. Safvan et al. investigate the ion production from the laser ablation of graphite 
[7].  “Laser Ablation of Carbon Clusters in High Charge States” discusses their 
experiment which uses a 1064 nm 35 ps laser pulse.  The purpose of the experiment is to 
use double and triple coincidence spectra to study these ions [7].  The energies measured 
using this method are lower than energies measured using other methods. 
 Torrisi describes, in his paper entitled “Gold Ions Produced by 1064 nm Pulse 
Laser Irradiation,” ion charge states related to the ablation of gold at 1064 nm [8].  
Torrisi’s experiment focuses primarily on the “ion and neutral components” of the plasma 
produced by laser irradiation [8].  He also is investigating the energy of the ions which 
result from a laser ablation with a 1064 nm pulsed laser.  Torrisi notes that at the 1064 
nm wavelength, the frequency of the light is below the plasma frequency which means 
that the light will be reflected [8].  The 1064 nm photons are also “efficiently absorbed by 
the conduction electrons” [8].   
To accomplish this experiment, Torrisi utilizes a 1064 nm Nd:YAG laser with a 
quadrupole mass spectrometer, Time-of-Flight spectrometer, ion energy analyzer, and ion 
collection equipment [8].  Results described in Torrisi’s paper discuss observed ion 
energies in the KeV region for 10+ charge states [8].  Torrisi notes that his results 
confirm other work which indicates that infrared radiation ion emission results from fast 
evaporative processes, whereas UV and visible ion emission is from plume ionization [8].  
 Like the previous paper, L. Torrisi et al. investigate the laser ablation of gold at 





nm” [9].  This experiment focuses on ion energy and ion charge state.  The experimental 
setup is similar to that described in the previous article, with the exception of the addition 
of a crystal to generate the 532 nm wavelength.  Torrisi et al. report that at the 532 nm 
wavelength, the fractional ionization and the average ion energies are both higher than at 
the fundamental 1064 nm wavelength [9].  This group’s results agree with the 




















 The laser used in this experiment is a Continuum 50 mJ Nd:YAG pulsed laser.  
The duration of the laser pulse is 3-5 ns.  This laser emits a 1064 nm infrared beam with 
removable harmonic generators which can be used to generate the 532 nm, 355 nm, and 
266 nm harmonics.  One reason the fundamental wavelength (1064 nm) is used is 
harmonic generation is inefficient for producing maximum intensity.  The beam passes 
through a beam expander which magnifies the light 4 times and collimates the light.  This 
expanded and collimated beam is then reflected at a right angle by a 2 inch diameter IR 
coated mirror.  From the mirror, the beam passes through a spatial aperture and a 
converging lens.  The laser beam then enters the target chamber and irradiates the target 
which sits on the target mount.  The path of the 1064 nm laser beam is highlighted in red 
in Figure 3.1 and Figure 3.2.   





 Torr.  The target mount consists of a piece of aluminum with 
screws to secure the targets in place.  A wire is attached to the back of the target holder to 
measure voltage changes.  The target holder is screwed into the arm of a 4-axis 





measured using a Tectronix TDS 640A oscilloscope.  All data collected by the 
oscilloscope is transferred to a desktop computer using a GPIB interface connection and 
National Instruments Lab View data acquisition and control (DAQ) software.   
 Alignment of the laser system is the first step in the experimental campaign with 
this laser.  The laser, beam expander, mirror, converging lens, and target holder are 
individually moved into vertical and horizontal alignment with each other.  The setup, the 
alignment, and the testing of each piece of equipment and each component is a step-by-
step process.  Originally, a fast diverging lens and a collimating lens had been used to 
create the beam expander component.  These two lenses were found to be very difficult to 
get into alignment because of the sharply diverging lens.  A 1x-8x magnification beam 
expander was then obtained to replace the two lenses and simplified the alignment 
process.   
 In order to measure the intensity of the laser pulse, a series of shots is conducted 
with the converging lens at different positions.  Changing the position of the converging 
lens has the effect of bringing the beam in and out of focus.  After measuring the 
diameter of the shot on burn paper, the intensity, or irradiance, of the beam is calculated 
by Equation 3.1.  This measurement is taken with burn paper mounted on the target 
holder. 
 
                                                ( 3.1) 
 
 Each of the three targets and the target holder are then cleaned using acetone and 





these components dry, each of their masses is measured using a scale.  Gold, platinum, 
and palladium are used because they do not oxidize.  The targets are mounted onto the 
target holder, and the holder is mounted onto the arm of the 4-axis manipulator.  After the 
chamber is pumped down to a base pressure, the measurements begin.  Each metal is 
subjected to several shots to remove any residual surface debris. 
 For the first metal, gold (Au), a single shot is fired, and the voltage response is 
recorded.  After a short cooling time (~1 minute), the process is repeated at a different 
focus position.  After shots are made at each of the focus positions determined in the burn 
paper test, the target is fired at again at a shot frequency of 5 Hz, and the voltage response 
is recorded.  The mount is then moved, and the same process is employed on the other 
two metals.  The total number of shots for each metal is counted using a shot counter 
located on the laser. 
 As a second way of altering the intensity of the beam, the attenuator in the laser is 
adjusted.  The attenuator consists of a quarter-wave plate that sends the additional laser 
energy to an absorbing medium.  Adjusting the attenuator allows a sharper range of 
intensities to be investigated.  Leaving the converging lens focused on the target at the 
spot of tightest focus, single shots are fired at the three targets.  For each target, the 
attenuator is moved to five different settings.  Leaving the converging lens in a fixed 
location and adjusting the attenuator allows for a variation in the intensity due to a 
change in energy, as opposed to changing the position of the converging lens which 
changes the cross-sectional area of the laser spot.  According to Equation 3.1 above, a 
change in either the laser energy or the cross-sectional area of the laser spot results in a 





 Once data has been collected for each of the configurations, the power of the laser 
is measured using a power meter.  The power is measured at each of the five positions on 
the laser attenuator at 4 Hz and 8 Hz.  Measurements at a given attenuator position give 
the same value for the power at each of the two repetition rates.  Energy losses from the 
vacuum window of 8% are measured and are used to correct the actual intensity on target.  
The average pulse duration is assumed to be 4 ns, and this value is used in the intensity 
calculations.  The impedance of the system is measured to help determine the current 
from the measured voltage.  An impedance meter is connected in place of the 
oscilloscope.  From this position in the circuit, the impedance of the targets, target holder, 
and wires/cables leading out of the chamber to the meter is measured.  The total 
impedance of the system is the impedance of the oscilloscope, which is set to 50 Ω, and 
the impedance measured with the impedance meter.  These two impedances should be in 
parallel, and the resulting impedance can be determined by Equation 1.5.  These 
impedances are for a given input frequency.  To model the impedances actually seen in 
this experiment, an estimate of what kind of current pulse triggered the voltage response 
must be made.  The capacitance and inductance of the system are also measured using the 
impedance meter.                       
After all of the measurements are taken with the apparatus setup in its 
experimental configuration, the targets are removed from the target holder.  Each of the 
targets is then weighed to determine its mass after ablation.  Once the post-ablation mass 
is determined for each target, the post-ablation mass is subtracted from the pre-ablation 
mass of that target.  The total mass loss for each target is then divided by the number of 





related to the number of ions and neutral atoms ablated by using the atomic mass of the 
metals. 
The voltage measurements collected on the computer are analyzed to determine 
the current and total charge liberated. This procedure involves modeling currents to 
generate voltage responses similar to those measured in the experiment.  PSPICE, a 
commercially available discrete element analysis package, is used to model the circuits.  
A square pulse and a step function are used as model currents.  The current is then 
integrated over the length of time that the voltage is measured to determine the total 

































Figure 3.1: Optical table layout.  The path used in this experiment begins at the laser and proceeds along the 




























Figure 3.4: Targets mounted on the target holder after ablation.  From left to right, the targets are palladium, 














atoms and ions being ejected.  See Table 4.1 for the results of the mass measurements.  
At each of the converging lens positions, the intensity of the laser pulse varies little.  The 






.  Table 4.2 shows the calculated power at each of 
the converging lens positions.  Table 4.3 shows the calculated power at the 5 attenuator 
settings on the laser. 
Voltage responses from the laser ablation of the three metal targets are shown in 
Figures 4.1-4.9.  Graphs of the voltage response in single-shot mode and 5 Hz mode, with 
the converging lens at the point of tightest focus, are shown.  Graphs showing the voltage 
response with the attenuator at position 3 and the converging lens at the point of tightest 
focus are shown for each of the three metals.   Figure 4.10 shows the diagram of the 
circuit which models the experimental apparatus circuit.  This circuit reduces down to the 
circuits seen in Figure 4.11 and Figure 4.15 since the inductance is very small (1.18 μH), 
and the capacitance of the cables and wire leads is a quantity that is measured together 
using a meter.  The measured capacitance is 140 pF, and is measured using a Hewlett 





 Figures 4.12 shows the model of a current pulse generated on the timescale of the 
laser pulse.  The step function shown in Figure 4.12 is given by Equation 4.1.  Figure 
4.13 shows the simulated voltage response.   
 
                                           (4.1) 
 
Figure 4.16 shows a current model which was put into PSPICE.  Equation 4.2 represents 
this function.  The voltage response for this current input can be seen in Figure 4.17.  A 
graph showing both the input current and the voltage response is shown in Figure 4.18.  
From this current model, the approximate charge lost in the positive pulse is 4.5x10
-11
 C, 
and the approximate charge lost during the negative pulse is 5.0x10
-9 C.  The current 
function shown in Figure 4.16 models the current produced by the single-shot laser 
ablation of the gold target with the converging lens at the point of tightest focus and the 
laser attenuator set at 1 (full intensity). 
 
                                 (4.2) 
 
Figures 4.19-4.21 show the targets after ablation.  Figure 4.22 shows the 





size of the crater varies from 1 mm to 2 mm and confirms measurements made with burn 




































Table 4.2: Calculated power at different converging lens positions.  The positions in gray are where the 
converging lens is in its tightest focus, yielding the highest intensity.  





















































































Figure 4.2: Voltage response from a 5 Hz laser shot sequence on the gold target with the converging lens at 
tightest focus.  
 
 
Figure 4.3: Voltage response from a single laser shot on the gold target with the converging lens at tightest focus 












Figure 4.5: Voltage response from a 5 Hz laser shot sequence on the palladium target with the converging lens at 







Figure 4.6: Voltage response from a single laser shot on the palladium target with the converging lens at tightest 
focus and the attenuator set to 3. 
 
 







Figure 4.8: Voltage response from a 5 Hz laser shot sequence on the platinum target with the converging lens at 
tightest focus.  
 
 
Figure 4.9: Voltage response from a single laser shot on the platinum target with the converging lens at tightest 
focus and the attenuator set to 3. 








Figure 4.10: Diagram of the model circuit.  The oscilloscope voltage is measured at V, and the current pulse is 






































Figure 4.12:  Model of a current source with the approximate shape of the laser pulse in time.  The temporal 












































































Figure 4.19: Gold target after laser ablation shots. 
      
 
Figure 4.20: Platinum target after laser ablation 
shots. 
 
       























Discussion and Conclusion 
5.1 Discussion of the Results 
 The graphs of the measured voltage response indicate that the timescale of the 
response is far too long to be the result of photoemission from the metal.  Since the 
measured timescale is on the order of 10
-6
 seconds, it appears that the thermal 
emission dominates the charge liberation process.  The processes investigated in this 
project are complex in nature.   
This project characterizes the current pulse generated by emission of electrons 
and ions as a single pulse.  The pulse described in this project is the total current.  
Several separate mechanisms are probably contributing components to this total 
current.  First, a current is generated when the electrons are thermally excited and are 
ejected from the metal, and a replacement current is drawn from ground to neutralize 
the target surface.  At the same time, those same electrons may recombine with mirror 
charges on the surface of the metal.  Additionally, the positively charged ions which 
remain begin to leave the surface of the target, which contributes yet another current 





 Thermal emission is a likely ejection mechanism.  Thermal diffusivity is the 
rate at which heat is transferred through a material.  Equation 5.1 represents the 
diffusivity of heat.  The symbol k stands for the thermal conductivity of the metal, ρ is 
the density of the metal, and CP is the specific heat of the metal held at constant 
pressure. 
 
                                                        (5.1) 
 
Table 5.2 provides the calculated values for the thermal diffusivity of the three 
metals.  Given these values, it appears that the spot may stay hot long enough to 
match the 10-20 μs of voltage response measured with the oscilloscope.  Since the 
diffusivity of gold is larger than the diffusivity of palladium, the palladium should 
cool faster, since the cooling time (τ) is represented by Equation 5.2.  Figure 4.1 
(single-shot gold) and Figure 4.4 (single-shot palladium) show that the time required 
for the voltage to return to zero is approximately 10 μs for gold and 16 μs for 
palladium.  These times are in the correct direction to match the calculated diffusivity 
but are shorter that what would be expected. 
   



















In order to accurately model the current pulse, it is necessary to employ a 
Fourier analysis.  If enough frequencies could be added into the series, a current pulse 
would be created that accurately models the actual pulse.  The variations in the shape 
of the voltage pulse between metals may be the result of differences between the 
work functions of the metals, although diffusivity and surface finish may also 
contribute to the variation observed.  See Table 5.2 for the work functions of the 
metals. 
                                   
   Table 5.2: Work functions for the three metal targets [12]. 
Metal Work Function Φ 
Gold ~5.4 eV 
Platinum ~5.6 eV 





 An unquantifiable margin of error possibly exists in parts of this experiment.  
The measured mass of the targets may be affected by microscopic losses of mass 





current pulse is an approximation of what the current pulse actually is.  Though this 
model provides a good starting point, the only accurate way to build a model of the 
current is through Fourier analysis.   
 
5.3 Conclusions 
This project attempts to characterize the total charge liberated from the laser 
irradiation of metal targets.  In the process, a circuit is developed, and a current pulse 
is modeled, to help determine what the quantity of total charge ejected for a given set 
of experimental parameters is.  A model current input into PSPICE generated a model 
voltage response similar to the voltage response measured after a single-shot laser 
ablation of gold with the converging lens at the point of tightest focus.  The simulated 
output voltage generated by PSPICE is similar to the measured voltage.  The circuit 
model accounts for some, but not all, of the physics involved in laser ablation.  
Additional experimental diagnostic equipment, and analysis of the data collected by 
any additional equipment, would provide a more detailed and accurate model. 
 
5.4 Future Work 
 Immediate future work on this project would include continuing the 
calculations of the total charge liberated from these metals at varying intensities.  
Future additions to this project will include the investigation of different target 
materials, different laser intensities, and different diagnostic elements.  One 





to pull away any escaping electrons to prevent them from recombining with mirror 
charges which remain on the surface of the metal.  A Time-of-Flight spectrometer 
would add the capability to be able to separate the different ions which leave the 
surface of the metal.  This capability would allow for a measurement of the positive 
charge ejected from the target.   
 Higher power lasers would also permit an investigation of the charge 
liberation mechanisms for higher energy pulses at shorter laser pulse lengths.  Other 
laser wavelengths could reveal further properties about the materials and how 
different rates of absorption and reflectivity affect charge liberation.  Different laser 
pulse lengths and different laser pulse shapes are other variables which could be later 
explored.  Shorter pulse duration (<1 ps) lasers would also help to avoid heating of 
the plasma ablation plume by the tail end of the laser pulse.   Finally, an investigation 
of the material surface properties (surface roughness, etc.) would also be helpful since 
the reflectivity of the laser pulse off the material surface can change the net energy 
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